Planck data robustly exclude the simple λφ 4 scenario for inflation. This is also the case for models of "Axion Inflation" in which the inflaton field is the radial part of the Peccei-Quinn complex scalar field. In this letter we show that for the KSVZ model it is possible to match the data taking into account radiative corrections to the tree level potential. After writing down the 1-loop Coleman-Weinberg potential, we show that a radiative plateau is easily generated thanks to the fact that the heavy quarks are charged under SU (3) c in order to solve the strong CP problem. We also give a numerical example for which the inflationary observables are computed and the heavy quarks are predicted to have a mass m Q 10 3 T eV .
Introduction. The nature of the inflaton field [15, 12] responsible to the initial acceleration of the universe remains unknown. In the recent years with the enormous amount of available cosmological data we have been facing the possibility to truly discriminate between different UV models. An intriguing possibility is that the field responsible of inflation is also able to solve some of the others issues we face in the standard model of particle physics. In this letter we study the possibility that the inflaton is the complex scalar field associated with the Peccei-Quinn symmetry; the presence of this field is justified to solve the strong CP problem and incidentally also generates a very promising dark matter candidate, the axion. The resulting model is a model of quartic inflation of the type λφ 4 , which is well known to be disfavored by CMB data [1] because of the too large tensor to scalar ratio predicted (in models of monomial inflation φ n the larger is n the larger is the disagreement). A simple possibility to lower the tensor to scalar ratio r is found in model in which the inflaton couples to the Ricci scalar. This possibility, in the contest of "Axion Inflation", was already studied eg. in [3, 11] , where the authors showed that the non minimal coupling to gravity ξ φ can flatten the potential at large values and reconcile predictions with data. However, another possibility to flatten the potential Email address: andrea.caputo@uv.es (Andrea Caputo) is given by radiative correction with fermionic loops, as showed in [4, 17, 10] . Here in particular we follow [4] and show that the KSVZ model [13, 18] has all the ingredients to rescue inflation. This is not the case instead for the DFSZ model [20, 9] , in which there are no new fermionic degrees of freedom that couple to the inflaton. Of course a non-minimal coupling should be nevertheless included in a complete analysis, given that it is radiatively generated, even if it is set to zero at some scale. Nevertheless, the running of the nonminimal coupling depends on the scalar and Yukawa couplings of the theory (see β ξ A in the appendix), which, as we will see, are small. The goal of this letter is to show that even with a negligible nonminimal coupling the model can fit the data. The model. We consider the model with Lagrangian:
The gauge group of the model is the SM one:
L gravity are the terms in the Lagrangian which include the pure gravitational part, which is −M 2 P l 2 R− Λ whereM P l 2.4×10 18 GeV is the reduced Planck mass and Λ is the cosmological constant. L SM is the SM Lagrangian.
L a represents the additional terms in the Lagrangian for the axion model. We consider the first invisible axion model, the so called KSVZ model. This model introduces new fields, namely:
• An extra Dirac fermion Q, colored but neutral under SU(2) L × U(1) Y , which in Weyl notation can be written as a pair of two-component fermions q 1 and q 2 in the following representation of G SM
• An extra complex scalar A, charged under U(1) PQ and neutral under G SM .
The Lagrangian of the KSVZ model is
and the classical potential reads
where
The parameters v, f a and y can be taken real and positive without loss of generality. The PQ symmetry acts on q 1 , q 2 and A as follows
while the SM fields are instead neutral under U(1) PQ . This model adds only three new real parameters: λ HA , λ A and y. It is a very simple model with all the ingredients, as we will show in a moment, to generate a radiative plateau. Radiative Quartic Inflation. In the following we review the idea studied in [4] which consists in the generation, through loop corrections, of a plateau in the inflaton potential which favors slow-roll inflation. A perfect plateau is characterized by (for simplicity we will indicated by A the radial part of the PQ field)
In this study the role of the inflaton is played by the scalar field A, which is supposed to guide a typical scenario of chaotic inflation. For large values of the field the potential simplifies to
where we notice we have already put field-dependent effective quartic coupling. The easiest way to understand this field dependence is to write down the Coleman-Weinberg form of the potential[8]
where µ is the renormalization scale, F i = 0(1) for a boson (fermion) field in the loop, S i counts the degrees of freedom of each particle (e.g 12 for a colored Dirac fermion) with a field-dependent mass M i (A, µ), and c i = 3/2 for fermions and scalar bosons and c i = 5/6 for gauge bosons. The ellipsis stand for higher order loops. It is convenient to choose the renormalization scale µ as
where ε is a positive constant generically much smaller than one which comes from M 2 i (A) ∝ A 2 . From the form of the Coleman-Weinberg potential is easy understood that ε parametrizes the smallness of the coupling of the inflaton to the other fields which enter the loops. For example, in our model the Higgs and the heavy quarks will enter the loops for the computation of the effective potential and therefore ε can be chosen to be proportional to √ λ HA ∼ y. Here we will consider only one effective mass scale; for the situation in which there are more than one the interested reader can look at [6] .Keeping only the terms containing the fourth power of A (which are the important ones during inflation), the logarithms are resummed into an effective quartic coupling as anticipated in 14. Then, we can expand the effective quartic couplingλ A around the location of the plateau A 0 ; the effective quartic coupling will be a combination of the nominal coupling of the theory which now run with the renormalization scale µ = A (the theory is maintained fixed for a continuous change of the subtraction scale by the renormalization group).Expandingλ A around A 0 therefore corresponds to make the nominal parameters running around the scale εA 0 . We can therefore define the beta-function (and its derivative) for the effective quartic coupling
that are intended to be a combination of the beta functions of the Lagrangian parameters that definê λ A . Consequently we can writê
We stress again that by construction evaluating the effective quartic couplingλ A at the scale A 0 corresponds to evaluate the original Lagrangian couplings at εA 0 . The plateau conditions of Eq. 6 can be written in terms ofλ A and its beta-function (and derivative of it)
and the effective potential assumes the form
Finally, since the potential has to be positive around the inflection point A 0 , the effective quartic coupling has to be positive too. This will be the crucial thing to verify to check the viability of the model. Plateau in the KSVZ model. Now we want to see if it is possible to obtain a plateau in this simple model. First of all we need the expression for the effective quartic coupling; the relation between the latter and the Lagrangian couplings is easily inferred from the Coleman-Weinberg potential and for the KSVZ model is given bŷ
where we have defined the loop factor k ≡ 1 16π 2
We will look for perturbative solutions of conditions 12, which can be solved to express two of the Lagrangian couplings in terms of the rest. We will solve the plateau condition forλ A and λ HA ; to do it, it is necessary to know the effective quartic coupling and its beta-function. In the Appendix we report the relevant beta functions; the KSVZ model has been implemented and the RG equations calculated using SARAH [19] . It is useful to make a formal expansion of the couplings of the Lagrangian and their beta functions, to take trace of the order. Labelling with δ i a generic coupling, we can write
We then immediately notice that the equation
implies that the 1-loop contribution of the beta function of the effective quartic coupling has to be zero.
This in turn implies ( because βλ
Moreover, we recall that at zero-th orderλ
and that, because of the structure of 14, it results β (1)
We start imposing
which in this model results
The zero-th order of the quartic coupling has to be zero at the plateau, because it is proportional to the beta function which is zero by definition at order k 0 . Therefore (λ (0)
Then, we have to imposeλ 1 A = 0 to find also λ A in terms of the rest of the parameters Then, the crucial point comes: we have to determine whether or not the effective quartic coupling at the plateau is positive. To do it we have to compute the first non-null contribution to the self coupling which results to beλ
and using the one loop beta functions and the conditionsλ 1 A = 0 and β λ A = βλ A = 0 we get
The involved beta functions at 1-loop are
and consequently the effective self coupling resultŝ λ A = k 2 y 4 6g 2 3 +y 2 + √ 6(y 2 t +2λ H )− 27 8 (g 2 2 +g 2 1 ) (29) A crucial and peculiar point here is that the new fermions coupled to the inflaton are charged under SU (3) color in order to solve the CP strong problem. We can then replace the SM couplings with their values at a scale ∼ εM P l and we see that the self coupling is always positive. For examplê
and we verified, using the RGEs of the standard model, that this is true for all the scales from 0.001M P l up to 30M P l , which is the interesting range to have a plateau in order to match CMB data. We recall that while the effective self coupling has to be evaluated at A 0 , the nominal couplings of the theory have to be evaluated at εA 0 . As a reference value one can take ε ∼ 10 −4 − 10 −1 . We also notice that evaluating the SM couplings at the Planck scale using the RGEs of the SM is a good approximation as long as the new couplings are small. This is always the case for inflationary scenarios (see [3] ) where usually λ A 10 −10 . A numerical example. We have just showed that the model admits a radiative plateau.We give here a numerical example and calculate the relevant inflationary quantities. We fix the Yukawa coupling to be y = 2.5 · 10 −3 and the plateau location at A 0 = 30 M P l ; as mentioned above, all the other standard model couplings have been fixed at their values at εA 0 , with ε ∼ y = 2.5 · 10 −3 . We then calculate the value of the field at which we match CMB observables and in particular the power spectrum
We also compute the spectral index
and the tensor to scalar ratio
where ∆ 2 t is the power spectrum of tensor fluctuations and η is the second slow-roll parameter
At this value of the field the tensor to scalar ratio results r = 0.079 (36) while the spectral index is n s = 0.963 (37) both consistent with the latest Planck release combining temperature, low-polarization, and lensing [1] .
Figure 2: Evolution of the first slow-roll parameter during inflation
Then, we have to verify inflation lasts long enough in order to solve the flatness and horizon problems. Therefore we solve the equation of motion of the field as a function of the number of e-folds. In this way we do not rely on the slow-roll approximation and can precisely determine the number of e-folds N e at the end of inflation [2] . In Fig.2 we show the evolution of the slow-roll parameter as a function of the number of e-folds. Inflation ends when ∼ 1, which in this case happens for N e ∼ 64 (38) a standard and satisfactory value. We also explore the tuning of the model and show the tensor to scalar ratio and the spectral index as a function of the Yukawa coupling y, varying it around the referred value y = 2.5 · 10 −3 (see Fig.3-4) and keeping fixed the plateau position. We notice that for 2.2 · 10 −3 y 2.8 · 10 −3 (39) the radiative plateau fits the CMB data; in particular slightly changing the Yukawa coupling, the tensor to scalar ratio becomes consistent also with the stronger bound from the joint cross-correlation between Planck and BICEP r < 0.064 (0.075) 95%C.L (40) using Plik (CAMspec) as high-l TT, TE, EE likelihood.We also verified that for all these values the number of e-folds spans a reasonable range 42 N e 65. Once the Yukawa coupling is fixed the mass of the heavy quark at low scale is given by
where f a is the breaking scale of the Peccei-Quinn symmetry and the Yukawa has to be evaluated at the desired scale. The lower bound for f a coming from Supernova cooling [16] f a 10 9 GeV (42) therefore implies m Q 10 6 GeV = 10 3 T eV (43) Discussion. In this letter we analyzed an inflationary scenario in which the inflaton field is the scalar field which breaks the Peccei-Quinn symmetry in the KSVZ model. In particular we showed that radiative corrections are enough in order to match CMB observables and solve the flatness and horizon problems, with no need to resort to a non-minimal coupling to gravity. After a general discussion about the possibility to generate a plateau in the KSVZ model, we gave a numerical example which satisfies all cosmological constraints. Incidentally, we also show (see the appendix) all the beta functions at 2-loops of the minimal KSVZ model, even if, for the desired order of precision, the beta functions and the effective potential at 1-loop were sufficient in the numerical analysis. The necessary ingredients to have a radiative plateau are the scalar and fermions coupled to the inflaton. The peculiar ingredient of the KSVZ is the fact that the new fermions are charged under SU (3) c in order to solve the strong CP problem. This avoids the need of large Yukawa couplings and makes the generation of the plateau natural. Because of this, as already stated, another well know axion model, namely the DFSZ model [20, 9] , cannot lead to the generation of a radiative plateau. Nevertheless we want to mention that there are motivated extensions where the inflaton is coupled to other fermions. For example, in [14, 5, 7] the authors consider the DFSZ model extended with sterile neutrinos coupled to the Peccei-Quinn field in order to explain the smallness of active neutrinos masses and baryogenesis. We expect a radiative plateau can be generated and inflation obtained also in such type of extensions.
